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1. INTRODUCTION {#cas13612-sec-0001}
===============

p53 is a sequence‐specific transcription factor with tumor and metastasis suppressor activities.[1](#cas13612-bib-0001){ref-type="ref"}, [2](#cas13612-bib-0002){ref-type="ref"} It plays pivotal roles in the regulation of the cell cycle, DNA repair, senescence, apoptosis, and metabolism by responding to various cellular stress signals such as DNA damage, hypoxia, mitotic stress, oncogenic signaling etc.[3](#cas13612-bib-0003){ref-type="ref"}, [4](#cas13612-bib-0004){ref-type="ref"} As a transcription factor, p53 downregulates the expression of genes involved in tumor development and cancer progression.[5](#cas13612-bib-0005){ref-type="ref"}, [6](#cas13612-bib-0006){ref-type="ref"}, [7](#cas13612-bib-0007){ref-type="ref"} p53 is mutated or lost in over half of all cancers and in more than 80% of metastatic tumors.[3](#cas13612-bib-0003){ref-type="ref"}, [8](#cas13612-bib-0008){ref-type="ref"} In addition to the loss/partial loss of tumor suppressor activities, some p53 mutants also gain oncogenic functions (GOF) that contribute to tumor cell growth, aggressiveness, metastasis and drug resistance.[9](#cas13612-bib-0009){ref-type="ref"} p53 inactivation can result from genetic alterations, decreased stability, defective post‐translational modifications and interaction with intracellular partners.[10](#cas13612-bib-0010){ref-type="ref"}

There are over 30 000 somatic mutations in *TP53*, including missense, nonsense, deletions, frameshifts and temperature sensitive.[11](#cas13612-bib-0011){ref-type="ref"} Most of these changes occur within the DNA‐binding domain with more than 75% single missense mutations, 40% of which are represented by 6 hot spot mutations (Arg175, Gly245, Arg248, Arg249, Arg273 and Arg282) that are highly frequent in tumors of different origins.[11](#cas13612-bib-0011){ref-type="ref"} Hot spot mutations are further classified into 2 groups: contact mutations (Arg248, Arg273) inhibit direct interaction between p53 and DNA leading to a loss of sequence‐specific transactivation, whereas structural mutations (Arg175, Gly245, Arg249, and Arg282) alter local or global conformation of p53 causing indirect loss of DNA binding.[12](#cas13612-bib-0012){ref-type="ref"} Among the hot spot structural mutations, Arg175His (R175H), is the most frequent GOF p53 mutant[13](#cas13612-bib-0013){ref-type="ref"}, [14](#cas13612-bib-0014){ref-type="ref"} that increases cancer cell proliferation, migration and invasion by deregulating different signaling pathways involved in tumorigenesis and metastasis.

p53 functions are regulated by post‐translational modifications and protein‐protein interactions.[15](#cas13612-bib-0015){ref-type="ref"} We have identified plakoglobin (γ‐catenin) as an endogenous interacting partner of wild type as well as a number of most frequent mutant p53 (mp53) in various carcinoma cell lines of different origins and have shown that its interaction with mp53 restores mp53 tumor suppressor activities in vitro.[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"}, [18](#cas13612-bib-0018){ref-type="ref"}, [19](#cas13612-bib-0019){ref-type="ref"} Plakoglobin is an armadillo protein family member and is a paralog of β‐catenin with similar dual cell‐cell adhesion and signaling activities.[20](#cas13612-bib-0020){ref-type="ref"}, [21](#cas13612-bib-0021){ref-type="ref"} However, unlike β‐catenin that acts as an oncogene through its interaction with the transcription factors T‐cell factor/lymphoid enhancer‐binding factor (TCF/LEF), and activation of Wnt signaling pathway,[22](#cas13612-bib-0022){ref-type="ref"}, [23](#cas13612-bib-0023){ref-type="ref"} plakoglobin generally acts as a tumor/metastasis suppressor.[20](#cas13612-bib-0020){ref-type="ref"}, [21](#cas13612-bib-0021){ref-type="ref"}, [24](#cas13612-bib-0024){ref-type="ref"}, [25](#cas13612-bib-0025){ref-type="ref"}, [26](#cas13612-bib-0026){ref-type="ref"}, [27](#cas13612-bib-0027){ref-type="ref"} We have shown that plakoglobin can act as a tumor/metastasis suppressor by at least 3 mechanisms: regulation of stability and subcellular localization of growth regulating molecules,[19](#cas13612-bib-0019){ref-type="ref"}, [25](#cas13612-bib-0025){ref-type="ref"}, [28](#cas13612-bib-0028){ref-type="ref"} interaction with transcription factors involved in the regulation of cell growth and metastasis[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"}, [18](#cas13612-bib-0018){ref-type="ref"}, [19](#cas13612-bib-0019){ref-type="ref"}, [25](#cas13612-bib-0025){ref-type="ref"} and sequestration of β‐catenin oncogenic activities;[29](#cas13612-bib-0029){ref-type="ref"} see also.[30](#cas13612-bib-0030){ref-type="ref"}, [31](#cas13612-bib-0031){ref-type="ref"}, [32](#cas13612-bib-0032){ref-type="ref"}, [33](#cas13612-bib-0033){ref-type="ref"}, [34](#cas13612-bib-0034){ref-type="ref"}

p53 GOF mutations can induce aberrant accumulation and increased transcriptional activation of β‐catenin in cancer cells.[35](#cas13612-bib-0035){ref-type="ref"}, [36](#cas13612-bib-0036){ref-type="ref"}, [37](#cas13612-bib-0037){ref-type="ref"} In the absence of Wnt, excess cytoplasmic β‐catenin is degraded by phosphorylation and proteasomal degradation.[38](#cas13612-bib-0038){ref-type="ref"}, [39](#cas13612-bib-0039){ref-type="ref"}, [40](#cas13612-bib-0040){ref-type="ref"} Upon Wnt activation, β‐catenin is stabilized and translocates into the nucleus where it binds to TCF/LEF and activates the expression of Wnt targets including cyclin D1, c‐Myc, MMPs, S100A4, and survivin etc.[38](#cas13612-bib-0038){ref-type="ref"}, [39](#cas13612-bib-0039){ref-type="ref"}, [40](#cas13612-bib-0040){ref-type="ref"}, [41](#cas13612-bib-0041){ref-type="ref"}, [42](#cas13612-bib-0042){ref-type="ref"}, [43](#cas13612-bib-0043){ref-type="ref"} This triggers an epithelial to mesenchymal phenotypic transition, cell proliferation, migration, invasion and metastasis.[41](#cas13612-bib-0041){ref-type="ref"}, [43](#cas13612-bib-0043){ref-type="ref"} β‐Catenin is also degraded through its ubiquitination by Siah‐1, an E3 ubiquitin ligase that enhances β‐catenin\'s proteasomal degradation independent of the canonical Wnt signaling pathway.[44](#cas13612-bib-0044){ref-type="ref"}, [45](#cas13612-bib-0045){ref-type="ref"}

In the present study, our goal was to assess the effects of GOF p53^R175H^ mutant (herein referred to as p53^R175H^) alone or together with plakoglobin on excess β‐catenin accumulation and its transcriptional activation. To this end, plakoglobin‐deficient and p53 null H1299 cells were transfected with wild‐type p53 (herein referred to as p53) or p53^R175H^ with or without plakoglobin. p53^R175H^‐expressing H1299 cells showed significantly higher levels of total and nuclear β‐catenin relative to the p53‐expressing transfectants. H1299 cells expressing plakoglobin or coexpressing plakoglobin and p53 or p53^R175H^ had significantly lower levels of total and nuclear β‐catenin. Plakoglobin and β‐catenin interacted with TCF‐4 and expression of plakoglobin decreased the β‐catenin/TCF interaction. p53^R175H^ cells showed a significant increase in β‐catenin/TCF luciferase reporter activity, whereas coexpression of plakoglobin in these cells significantly decreased the reporter activity. β‐Catenin target genes, *c‐MYC* and *S100A4* were upregulated in p53^R175H^ cells and were significantly downregulated when plakoglobin was coexpressed. p53^R175H^ expression also increased the in vitro migration and invasion of H1299 cells, which were significantly reduced when plakoglobin was coexpressed.

2. MATERIALS AND METHODS {#cas13612-sec-0002}
========================

2.1. Cell lines and culture conditions {#cas13612-sec-0003}
--------------------------------------

H1299, the non‐small‐cell lung carcinoma cells have been described[18](#cas13612-bib-0018){ref-type="ref"} and were grown in minimum essential medium (MEM) supplemented with 10% FBS, and 1% penicillin‐streptomycin‐kanamycin (PSK) antibiotics. SW620 colon carcinoma cells were grown in Leibovitz\'s L‐15 medium supplemented with 2 mmol/L [l]{.smallcaps}‐glutamine, 10% FBS and 1% PSK.

2.2. Plasmid construction and transfection {#cas13612-sec-0004}
------------------------------------------

Hemagglutinin (HA)‐tagged p53 has been described previously.[18](#cas13612-bib-0018){ref-type="ref"}, [46](#cas13612-bib-0046){ref-type="ref"} The pcDNA3.1/hygro‐plakoglobin construct was generated using the previously described FLAG‐tagged plakoglobin as a template.[29](#cas13612-bib-0029){ref-type="ref"} The p53^R175H^ expression construct was a gift from Dr Giovanni Blandino.[47](#cas13612-bib-0047){ref-type="ref"}

H1299 cells were cultured in 60‐mm dishes and transfected at 60% confluency with 9 μg DNA using calcium phosphate. Twenty hours after transfection, cells were rinsed with media and allowed to recover for 24 hours in complete MEM. Stable transfectants were selected by placing cultures in media containing 500 μg/mL Hygromycin B (plakoglobin transfectants) or 400 μg/mL G418 (*p53* ^*R175H*^ transfectants) or both (double transfectants) for 2‐3 weeks. Resistant clones were screened for p53 and plakoglobin expression by immunofluorescence (IF) and immunoblot assays and maintained in media containing 350 μg/mL Hygromycin B or 200 μg/mL G418 or both. Positive clones were subcultured by limiting dilution. Both parental and multiple single cell isolated clones were tested for plakoglobin and p53 expression using various assays and the results are presented for 1 representative clone.

2.3. Cell fractionation, preparation of cell extracts and western blot analysis {#cas13612-sec-0005}
-------------------------------------------------------------------------------

Total cellular proteins were extracted by solubilizing confluent 100‐mm cultures in SDS sample buffer (10 mmol/L Tris‐HCl pH 6.8, 2% \[w/v\] SDS, 50 mmol/L DTT, 2 mmol/L EDTA, 0.5 mmol/L PMSF, 1 mmol/L NaF, 1 mmol/L Na~3~VO~4~). Equal amounts of total cellular proteins were separated by SDS‐PAGE and transferred onto nitrocellulose membranes (Bio‐Rad). Membranes were incubated in specific primary antibodies overnight at 4°C followed by the appropriate secondary antibodies at room temperature (Table [1](#cas13612-tbl-0001){ref-type="table-wrap"}). Membranes were scanned using an Odyssey CLx infrared imaging system.

###### 

Antibodies and their respective dilutions in specific assays

                                 Species   Assay      Source/Catalog number            
  ------------------------------ --------- ---------- ----------------------- -------- ---------------------------------------
  Primary antibodies                                                                   
  p53‐ DO‐1                      Mouse     1:1000     1:100                   ‐        Santa Cruz Biotechnology/sc‐126
  Plakoglobin (γ‐catenin)        Mouse     1:1000     1:100                   1:100    BD Transduction Laboratories/610254
  β‐catenin                      Mouse     1:1000     1:100                   1:100    Sigma Aldrich/C‐7207
  β‐catenin (nuclear)            Mouse     1:1000     ‐                       ‐        Abcam/ab 19451‐50
  TCF‐4                          Mouse     1:500      1:100                   ‐        Upstate Biotechnology/05‐511
  β‐actin                        Mouse     1:1000     ‐                       ‐        Santa Cruz Biotechnology/sc‐47778
  Lamin B1                       Rabbit    1:1000     ‐                       ‐        Abcam/ab 16048
  Secondary antibodies                                                                 
  Anti‐mouse, light chain IgG    Goat      1:20 000   ‐                       ‐        Jackson ImmunoResearch/115‐625‐174
  Anti‐rabbit, light chain IgG   Goat      1:20 000   ‐                       ‐        Jackson ImmunoResearch/211‐652‐171
  Alexa Fluor 488                Mouse     ‐          ‐                       1:2000   Molecular Probes Biotechnology/A11029
  Alexa Fluor 546                Rabbit    ‐          ‐                       1:3000   Molecular Probes Biotechnology/A11035

IF, Immunofluorescence; IP, Immunoprecipitation; WB, western blot; ‐, Not applicable.

John Wiley & Sons, Ltd

Nuclear fractions were prepared with Thermo Fisher Scientific (Waltham, MA, USA) NE‐PER Nuclear and Cytoplasmic Extraction Reagents according to the manufacturer\'s protocol. Purity of nuclear fractions was verified by immunoblotting with nuclear lamin antibodies (Table [1](#cas13612-tbl-0001){ref-type="table-wrap"}).

2.4. Immunoprecipitation (IP) {#cas13612-sec-0006}
-----------------------------

Cultures (100 mm) were washed with cold PBS containing 1 mmol/L NaF, Na~3~VO~4~ and CaCl~2~ and extracted in 1 mL lysis buffer (20 mmol/L Tris‐HCl pH 7.5, 150 mmol/L NaCl, 1% NP‐40, 0.1% sodium deoxycholate, 100 mmol/L NaF,[18](#cas13612-bib-0018){ref-type="ref"} and protease inhibitor cocktail (Roche Diagnostics) for 30 minutes at 4°C on a rocker. Cells were then scraped and centrifuged at 48 000 *g* for 10 minutes. Supernatants were divided into equal aliquots and processed for immunoprecipitation with p53, plakoglobin and β‐catenin antibodies (Table [1](#cas13612-tbl-0001){ref-type="table-wrap"}) and 40 μL protein G agarose beads (Pierce Biotechnology) overnight at 4°C. To ensure complete depletion, immunoprecipitates were centrifuged at 14 000 *g* for 2 minutes and supernatants were separated and processed for a second immunoprecipitation for 3 hours. Beads from the 2 immunoprecipitations were combined and washed 3 times with the lysis buffer. Immune complexes were solubilized in 60 μL SDS sample buffer, separated by SDS‐PAGE and processed for western blot (WB) as described above.

2.5. Immunofluorescence and confocal microscopy {#cas13612-sec-0007}
-----------------------------------------------

Immunofluorescence and confocal microscopy were carried out as described in detail previously.[48](#cas13612-bib-0048){ref-type="ref"} Briefly, confluent cultures of various cell lines were established on glass coverslips and rinsed with cold PBS containing 1 mmol/L each of NaF, Na~3~VO~4~ and CaCl~2~. Cells were fixed with 3.7% formaldehyde in PBS for 20 minutes and extracted with cytoskeleton extraction buffer (CSK; 50 mmol/L NaCl, 300 mmol/L sucrose, 10 mmol/L PIPES pH 6.8, 3 mmol/L MgCl~2~, 0.5% Triton X‐100, 1.2 mmol/L PMSF, and 1 mg/mL DNase and RNase) for 10 minutes. Coverslips were blocked with 4.0% goat serum and 50 mmol/L NH~4~Cl in PBS containing 0.2% BSA for 1 hour. Coverslips were then incubated in the specific primary antibodies for 1 hour followed by the species‐specific secondary antibodies for 30 minutes at concentrations indicated in Table [1](#cas13612-tbl-0001){ref-type="table-wrap"}. Nuclei were stained with DAPI (1:2000). Coverslips were mounted in elvanol containing paraphenylene diamine (PPD, 0.2% \[w/v\]) and viewed using a 63 × objective lens of a Zeiss confocal microscope.

2.6. RNA isolation, RT‐PCR and real‐time PCR {#cas13612-sec-0008}
--------------------------------------------

Total RNA was isolated from 100‐mm cultures with Trizol reagent (Invitrogen‐Thermo Fisher Scientific), treated with DNase I and reverse‐transcribed with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer\'s instructions.

For real‐time PCR, SYBR Green Master Mix (Thermo Fisher Scientific) and specific forward and reverse primers for *MYC*,*S100A4* and *ACTB* (β‐actin) (Table [2](#cas13612-tbl-0002){ref-type="table-wrap"}) were used according to the manufacturer\'s instructions.

###### 

Oligos/primer sequences used for RT‐qPCR

  Construct   Primers                                                  Size (nt)                     
  ----------- -------------------------------------------------------- ----------------------------- ----
  *c‐MYC*     Forward                                                  5′‐CAGCTGCTTAGACGCTGGATT‐3′   21
  Reverse     5′‐GTAGAAATACGGCTGCACCGA‐3′                              21                            
  *S100A4*    Forward                                                  5′‐GATGAGCAACTTGGACAGCAA‐3′   21
  Reverse     5′‐CTGGGCTGCTTATCTGGGAAG‐3′                              21                            
  *ACTB*      PrimePCR SYBR Green Assay ACTB Human, Cat No. 10025636                                 

John Wiley & Sons, Ltd

2.7. Proteasome inhibition assay {#cas13612-sec-0009}
--------------------------------

Replicate 100 mm cultures remained untreated or were treated with 1 μmol/L proteasome inhibitor MG132 (Sigma Chemical Co., St Louis, MO, USA) for 16 hours. Untreated and treated cells were then lysed and total cell lysates were used for western blot with β‐catenin antibodies as described above.

2.8. Luciferase reporter assay {#cas13612-sec-0010}
------------------------------

To measure β‐catenin‐driven transactivation, confluent 35 mm cultures of parental H1299 cells and H1299 transfectants were cotransfected with 5 μg pTOPFLASH plasmid[49](#cas13612-bib-0049){ref-type="ref"} and 3 μg *Renilla* luciferase plasmid (pRL‐TK) serving as a control for transfection efficiency.[50](#cas13612-bib-0050){ref-type="ref"} Luciferase activities were measured 48 hours later and normalized to *Renilla* activities. Each experiment was repeated 4 times and the mean and standard errors were calculated.

2.9. In vitro migration and invasion assays {#cas13612-sec-0011}
-------------------------------------------

Migration and invasion assays were carried out using Transwell inserts (BD Biosciences, Franklin Lakes, NJ, USA) as described in detail previously.[18](#cas13612-bib-0018){ref-type="ref"} The migrated/invaded cells were counted in 5 random fields for each membrane using the NIH ImageJ Cell Counter program. Numbers for each cell line were averaged and normalized to those of the parental untransfected cells and histograms constructed. Histograms represent the average ± SD of 3‐6 independent assays for each cell line.

2.10. Statistical analysis {#cas13612-sec-0012}
--------------------------

Values are presented as means ± SD. Statistical differences between groups were assessed by Student\'s *t* tests. *P*‐value \<.05 was considered significant.

3. RESULTS {#cas13612-sec-0013}
==========

3.1. Plakoglobin interacted with p53^R175H^ and decreased β‐catenin protein levels {#cas13612-sec-0014}
----------------------------------------------------------------------------------

We first validated the expression of plakoglobin, p53 and p53^R175H^ in single and double H1299 transfectants by processing total cell extracts from all transfectants for western blots with plakoglobin and p53 antibodies (Figure [1](#cas13612-fig-0001){ref-type="fig"}A).

![Plakoglobin (PG) interacts with the mutant p53^R175H^ and decreases β‐catenin levels. A, Total cell extracts from untransfected H1299 cells and H1299 cells transfected with p53, p53^R175H^, PG,PG and p53 (PG‐p53) or PG and p53^R175H^ (PG‐p53^R175H^) were processed for immunoblot using plakoglobin and p53 antibodies. β‐Actin levels in the same extracts were used as an internal control. B, Total cell extracts (TCE) from H1299 cells coexpressing plakoglobin and p53^R175H^ were processed for reciprocal and sequential coimmunoprecipitation (Co‐IP) and immunoblotting (IB) using p53 and plakoglobin antibodies. C, Total cell extracts from parental H1299 cells and H1299 transfectants expressing p53 or p53^R175H^ with or without plakoglobin were processed for immunoblot using plakoglobin and β‐catenin antibodies. β‐Actin levels were used as loading control. Histograms represent the average ± SD of 4 separate experiments. All values are normalized to H1299 cells. UT, untransfected. \**P *\<* *.05 \*\**P *\<* *.001](CAS-109-1876-g001){#cas13612-fig-0001}

Previously, we have shown that plakoglobin interacted with p53 and several mp53 proteins using different carcinoma cell lines.[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"}, [18](#cas13612-bib-0018){ref-type="ref"}, [19](#cas13612-bib-0019){ref-type="ref"} To verify plakoglobin interaction with p53^R175H^, we processed H1299 transfectants coexpressing plakoglobin and p53^R175H^ for reciprocal coimmunoprecipitation (Co‐IP) and immunoblotting (IB) with plakoglobin and p53 antibodies (Figure [1](#cas13612-fig-0001){ref-type="fig"}B). Co‐Immunoprecipitation the double transfectants total cell extracts with p53 antibodies precipitated p53 (Figure [1](#cas13612-fig-0001){ref-type="fig"}B, lane 2; IP: p53, IB: p53) and coprecipitated plakoglobin (PG) (Figure [1](#cas13612-fig-0001){ref-type="fig"}B, lane 6, IP: p53, IB: PG). Reciprocal Co‐IP using PG antibodies confirmed this finding, as PG antibodies pulled down total cellular PG (Figure [1](#cas13612-fig-0001){ref-type="fig"}B lane 5, IP: PG, IB: PG) and coprecipitated p53 (Figure [1](#cas13612-fig-0001){ref-type="fig"}B, lane 3, IP: PG, IB: p53) from cells coexpressing both proteins.

Figure [1](#cas13612-fig-0001){ref-type="fig"}C shows plakoglobin and β‐catenin protein expression in H1299 transfectants expressing p53 or p53^R175H^ with or without plakoglobin. Relative to H1299 cells, β‐catenin levels were decreased in p53 expressing H1299 cells (Figure [1](#cas13612-fig-0001){ref-type="fig"}C, β‐catenin, lane 2), whereas it was increased when p53^R175H^ was expressed (Figure [1](#cas13612-fig-0001){ref-type="fig"}C, β‐catenin, lane 3). Plakoglobin expression significantly reduced β‐catenin levels in parental as well as in p53 or p53^R175H^‐expressing H1299 transfectants (Figure [1](#cas13612-fig-0001){ref-type="fig"}C, β‐catenin, lanes 4‐6).

3.2. Expression of plakoglobin decreased β‐catenin protein levels by promoting its proteasomal degradation {#cas13612-sec-0015}
----------------------------------------------------------------------------------------------------------

Western blot analysis of the nuclear extracts from parental H1299 cells and H1299 transfectants was used to examine the cytoplasmic and nuclear levels of plakoglobin and β‐catenin (Figure [2](#cas13612-fig-0002){ref-type="fig"}A,B). The highest level of nuclear and cytoplasmic β‐catenin was detected in H1299‐p53^R175H^ transfectants (Figure [2](#cas13612-fig-0002){ref-type="fig"}A,B, β‐catenin \[N, C\] lane 3). In contrast, significantly lower amounts of β‐catenin were detected in parental as well as in p53 or p53^R175H^ cells when plakoglobin was coexpressed (Figure [2](#cas13612-fig-0002){ref-type="fig"}A,B, β‐catenin \[N\] and \[C\] lanes 4‐6).

![Plakoglobin (PG) expression decreases cytoplasmic and nuclear β‐catenin levels by promoting its proteasomal degradation in H1299‐p53^R175H^ cells. A, Equal amounts of nuclear (N) and cytoplasmic (C) extracts from parental H1299 cells and H1299 transfectants were processed for immunoblot using plakoglobin and β‐catenin antibodies. Lamin B and actin levels were probed from the nuclear and cytoplasmic extracts of different transfectants, respectively, to confirm equal loadings. B, Nuclear β‐catenin blots in (A) were quantitated by NIH ImageJ software. Histograms represent the average ± SD of 4 experiments. All values were normalized to untransfected H1299 cells. \**P *\<* *.05; \*\**P *\< .001. C, Cultures of H1299 cells and H1299 transfectants were processed for RT‐PCR using β‐catenin and GAPDH (control) primers as described in Materials and Methods. D, Replicate cultures of H1299 cells and H1299 transfectants remained untreated or were treated with 1 μmol/L MG132 for 16 h. Total cell extracts from the untreated and treated cells were processed for immunoblot using β‐catenin antibodies. Blots were also probed with β‐actin antibodies to confirm equal protein loadings. E, Blots in (C) were quantitated and histograms were generated that represent the average ± SD of 4 separate experiments. All values were normalized to the untransfected and untreated cells. \**P *\<* *.05; \*\**P *\<* *.001. UT, untransfected; β‐cat, β‐catenin](CAS-109-1876-g002){#cas13612-fig-0002}

Examination of β‐catenin\'s mRNA levels in various transfectants showed no significant differences (Figure [2](#cas13612-fig-0002){ref-type="fig"}C) suggesting that changes in β‐catenin levels in plakoglobin‐expressing cells occur post‐transcriptionally. This led us to assess whether downregulation of β‐catenin is due to increased degradation upon plakoglobin expression. β‐Catenin degradation can occur through 2 pathways: glycogen synthase kinase 3 beta (GSK3β) and/or Siah1 mediated. GSK3β proteasomal degradation is the primary regulator of cellular β‐catenin levels and requires β‐catenin\'s ubiquitination. To be ubiquitinated, β‐catenin has to be phosphorylated on serine 33 and 37 residues by GSK3β, which enables the protein to bind to E3 ubiquitin ligase TrCP1 (β‐TrCP) and marks it for proteasomal degradation.[51](#cas13612-bib-0051){ref-type="ref"}, [52](#cas13612-bib-0052){ref-type="ref"} The second degradation pathway is mediated by Siah1 and is independent of GSK3β. Siah1 is a target of p53 and E2F1 and is minimally expressed in H1299 cells,[53](#cas13612-bib-0053){ref-type="ref"}, [54](#cas13612-bib-0054){ref-type="ref"} suggesting that decreased β‐catenin levels in plakoglobin‐expressing H1299 cells is likely as a result of the increased proteasomal degradation by GSK3β. To address this possibility, we used MG132, which inhibits 20S proteasome activity and degradation of ubiquitinated proteins.[29](#cas13612-bib-0029){ref-type="ref"} Replicate cultures of H1299 cells and H1299 transfectants remained untreated or were treated with 1 μmol/L MG132 for 16 hours and processed for western blot using β‐catenin antibodies. As shown in Figure [2](#cas13612-fig-0002){ref-type="fig"}D, β‐catenin was detected as multiple bands in MG132‐treated cultures, which was consistent with the inhibition of degradation of the ubiquitinated protein. Quantitation of β‐catenin protein levels in untreated and treated cell lines showed that in untreated cultures, plakoglobin expression increased β‐catenin degradation by \~5.5‐, 3‐ and 4.6‐fold in H1299, H1299‐p53 and H1299‐p53^R175H^ cells, respectively (Figure [2](#cas13612-fig-0002){ref-type="fig"}E). MG132 treatment decreased β‐catenin degradation by \>2‐fold in the absence of plakoglobin, whereas this reduction was significantly higher (up to 7‐fold) in plakoglobin‐expressing transfectants (Figure [2](#cas13612-fig-0002){ref-type="fig"}E). These results suggested that plakoglobin decreased β‐catenin levels by promoting its proteasomal degradation.

We also examined the subcellular distribution of β‐catenin in H1299 cells and H1299 transfectants by confocal double immunofluorescence microscopy (Figure [3](#cas13612-fig-0003){ref-type="fig"}). Confluent cultures of various cell lines were fixed with formaldehyde, extracted with CSK buffer and processed for double immunofluorescence staining with plakoglobin and β‐catenin antibodies.[48](#cas13612-bib-0048){ref-type="ref"} There was no detectable plakoglobin staining in H1299, H1299‐p53 and H1299‐p53^R175H^ cells, whereas it was distributed throughout the cytoplasm and at the membrane in H1299‐PG, ‐PG‐p53 and ‐PG‐p53^R175H^ transfectants. β‐Catenin was expressed in all cell lines, although with different intensity. Relative to H1299 cells, β‐catenin staining was significantly reduced in H1299‐p53 transfectants, whereas it was significantly increased in H1299‐p53^R175H^ cells. Plakoglobin co/expression dramatically reduced β‐catenin\'s staining (nuclear and cytoplasmic) in all transfectants, particularly in H1299‐p53^R175H^ cells (Figure [3](#cas13612-fig-0003){ref-type="fig"}, H1299‐PG‐p53^R175H^). These results were consistent with the western blot studies and further confirmed that plakoglobin expression reduced β‐catenin levels in both cytoplasmic and nuclear pools. Of note, we did not detect significant changes in the morphology of plakoglobin‐expressing transfectants relative to parental cells as they both showed an epithelioid phenotype. H1299 cells are E‐cadherin deficient and express N‐cadherin,[55](#cas13612-bib-0055){ref-type="ref"} which similar to E‐cadherin, interacts with β‐catenin and plakoglobin leading to the appearance of an epithelioid morphology in both parental cells and transfectants.

![Subcellular localization of plakoglobin (PG) and β‐catenin in H1299 transfectants. H1299 cells and H1299 transfectants were grown to confluency on coverslips, fixed with formaldehyde and permeabilized with CSK buffer as described in Materials and Methods. Coverslips were processed for confocal microscopy using plakoglobin (green) and β‐catenin (red) antibodies. Nuclei were stained with DAPI (blue). Arrows indicate nuclei with β‐catenin staining. Bar, 25 μmol/L. UT, untransfected](CAS-109-1876-g003){#cas13612-fig-0003}

3.3. Plakoglobin expression decreased β‐catenin interaction with TCF‐4, reduced β‐catenin/TCF‐4 reporter activity and downregulated target gene expression {#cas13612-sec-0016}
----------------------------------------------------------------------------------------------------------------------------------------------------------

So far, the results showed that plakoglobin expression decreased the nuclear pool of β‐catenin, which may influence the interaction between β‐catenin and its cognate transcription factor TCF. Therefore, we used Co‐IP experiments to examine the interactions between plakoglobin and β‐catenin with TCF in parental H1299 cells and H1299 transfectants. In Figure [4](#cas13612-fig-0004){ref-type="fig"}A, equal amounts of total cellular protein from parental H1299 cells and H1299 transfectants were processed for sequential Co‐IP and immunoblotting with nuclear β‐catenin, plakoglobin and TCF antibodies. TCF was coprecipitated with β‐catenin in H1299, H1299‐p53 and H1299‐p53^R175H^ cells and its level was significantly lower in H1299‐p53 transfectants (Figure [4](#cas13612-fig-0004){ref-type="fig"}A, IP: β‐cat, IB: TCF). Interestingly, very little/no TCF was detected in β‐catenin precipitates from the plakoglobin‐expressing transfectants. In these cells, TCF was only detected in association with plakoglobin (Figure [4](#cas13612-fig-0004){ref-type="fig"}A, H1299‐PG, ‐p53, ‐p53^R175H^; IP: PG, IB: TCF). Consistent with the earlier results, nuclear β‐catenin levels were decreased in p53 and in all plakoglobin‐expressing transfectants (H1299‐p53, ‐PG, ‐PG‐p53, ‐PG‐p53^R175H^) relative to parental H1299 cells (Figure [4](#cas13612-fig-0004){ref-type="fig"}A; TCE, β‐catenin). In contrast, TCF level was not notably different among various cell lines (Figure [4](#cas13612-fig-0004){ref-type="fig"}A; TCE, IB: TCF). These results indicated that plakoglobin coexpression significantly reduced the interactions between β‐catenin and TCF in H1299, H1299‐p53 and H1299‐p53^R175H^ transfectants.

![Plakoglobin (PG) expression reduces β‐catenin interaction with T‐cell factor 4 (TCF‐4), decreases β‐catenin/TCF‐4 reporter activity and target gene expression. A, Equal amounts of total cellular extracts (TCE) from H1299 cells and H1299 transfectants were processed for sequential immunoprecipitation (IP) and immunoblotting (IB) using plakoglobin, nuclear β‐catenin (β‐cat) and TCF‐4 (TCF) antibodies. Equal loadings were confirmed by processing total cell extracts from all cell lines for immunoblotting using β‐actin antibodies. B, Untransfected H1299 cells and H1299 transfectants were cotransfected with pTOPFLASH β‐catenin/TCF reporter construct and p‐RL‐TK *Renilla* reporter plasmid and luciferase activities were measured 48 h post‐transfection. Levels of luciferase activities from pTOPFLASH were normalized to those of *Renilla* plasmid. Four independent experiments were carried out and the results were normalized to H1299 parental cells. SW620 cells were included as a positive control. UT, untransfected. \**P *\<* *.05, \*\**P *\<* *.001. C, Total cellular RNA was extracted from untransfected H1299 cells and H1299 transfectants, reverse transcribed and processed for real‐time PCR for *C‐MYC* (top) and *S100A4* (bottom) using specific primers (Table [2](#cas13612-tbl-0002){ref-type="table-wrap"}). Expression levels were first normalized to the amount of *ACTB* in the same cell line and then to H1299 untransfected cells. Histograms were constructed based on the average ± SD. UT, untransfected. \**P *\<* *.05, \*\**P *\<* *.001](CAS-109-1876-g004){#cas13612-fig-0004}

We next assessed whether decreased nuclear β‐catenin/TCF association was reflected in β‐catenin‐dependent TCF reporter activity (Figure [4](#cas13612-fig-0004){ref-type="fig"}B). Parental H1299 cells and H1299 transfectants were transiently transfected with pTOPFLASH and pRL‐TK *Renilla* reporter constructs and luciferase activities were measured in all cell lines. As a positive control, SW620, a colon carcinoma cell line expressing mutant APC and signaling‐competent β‐catenin[56](#cas13612-bib-0056){ref-type="ref"} was included in these studies (Figure [4](#cas13612-fig-0004){ref-type="fig"}B). Luciferase activities of all cell lines were normalized to that of parental H1299 cells. Results showed no significant differences in luciferase activity among H1299, H1299‐p53 and H1299‐PG cells (Figure [4](#cas13612-fig-0004){ref-type="fig"}B). In contrast, relative to parental H1299 cells, H1299‐p53^R175H^ transfectants showed over 60% higher luciferase activity (Figure [4](#cas13612-fig-0004){ref-type="fig"}B), which was significantly reduced when plakoglobin was coexpressed in these cells (Figure [4](#cas13612-fig-0004){ref-type="fig"}B, H1299‐PG‐p53^R175H^).

Based on these observations, we reasoned that decreased β‐catenin/TCF transactivation should result in decreased expression of their target genes. Specifically, we focused on *c‐MYC* and *S100A4*, 2 β‐catenin/TCF target genes that are known to participate in tumorigenesis and metastasis.[41](#cas13612-bib-0041){ref-type="ref"}, [42](#cas13612-bib-0042){ref-type="ref"}, [43](#cas13612-bib-0043){ref-type="ref"}, [57](#cas13612-bib-0057){ref-type="ref"}, [58](#cas13612-bib-0058){ref-type="ref"}, [59](#cas13612-bib-0059){ref-type="ref"} RT‐qPCR experiments showed that the levels of *c‐MYC* and *S100A4* mRNA were significantly increased in H1299‐p53^R175H^ transfectants compared to H1299 cells (Figure [4](#cas13612-fig-0004){ref-type="fig"}C). Coexpression of plakoglobin in these cells (H1299‐PG‐p53^R175H^) led to over 3‐and 5‐fold decrease in *c‐MYC* and *S100A4* mRNA levels, respectively (Figure [4](#cas13612-fig-0004){ref-type="fig"}C). Together, the results of the experiments in Figure [4](#cas13612-fig-0004){ref-type="fig"} suggested that plakoglobin expression in p53^R175H^ cells reduced β‐catenin/TCF association and the activation of at least 2 of their target genes involved in tumorigenesis and metastasis.

3.4. Plakoglobin expression decreased migratory and invasive properties of p53^R175H^‐expressing H1299 cells {#cas13612-sec-0017}
------------------------------------------------------------------------------------------------------------

To assess the biological significance of decreased β‐catenin/TCF transactivation, we examined the in vitro migration and invasion of parental H1299 cells and H1299 transfectants.

As shown in Figure [5](#cas13612-fig-0005){ref-type="fig"}A, p53 and plakoglobin expression decreased migration by 45% and 34% relative to H1299 cells, respectively, whereas coexpression of both proteins reduced migration by 73% (Figure [5](#cas13612-fig-0005){ref-type="fig"}A, migration; H1299‐p53, H1299‐PG and H1299‐PG‐p53; also see[18](#cas13612-bib-0018){ref-type="ref"}). In contrast, expression of p53^R175H^ increased the migration of H1299 cells by \~20% (Figure [5](#cas13612-fig-0005){ref-type="fig"}A, migration, H1299‐ p53^R175H^), which was reduced by \>40% when plakoglobin was coexpressed (Figure [5](#cas13612-fig-0005){ref-type="fig"}A, H1299‐PG‐p53^R175H^).

![A, Plakoglobin (PG) reduced in vitro migration and invasion of p53R175H‐expressing H1299 cells. H1299 and H1299 transfectants were processed for 24‐h Transwell migration and invasion assays as described in Materials and Methods. Number of migrated/invaded cells in 5 random fields were counted using ImageJ cell counter program. Four separate experiments were carried out for each cell line and the histograms represent the average ± SD of the number of the migrated/invaded cells for each cell line. All values were normalized to H1299 untransfected cells. UT, untransfected. \**P *\<* *.05, \*\**P *\<* *.001. B, Hypothetical model for restoration of tumor‐suppressor activity of mutant p53 by plakoglobin. p53 enhances β‐catenin\'s proteasomal degradation by increasing the assembly of the destruction complex and/or inducing the expression of Siah‐1, whereas mp53 inhibit β‐catenin degradation (see text for details). This would lead to increased stability and translocation of β‐catenin to the nucleus and transactivation of target genes in mp53‐expressing cells. Based on the current study and our previous findings, plakoglobin may counteract the oncogenic function of mutant p53 by increasing β‐catenin\'s proteasomal degradation and by restoring tumor‐suppressor activities of mutant p53 through enabling their interaction with promoters of wild‐type p53 target genes[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"} or modifying mutant p53 target gene expression.[16](#cas13612-bib-0016){ref-type="ref"} TCF, T‐cell factor](CAS-109-1876-g005){#cas13612-fig-0005}

Similarly, the invasiveness of H1299‐p53 and H1299‐PG cells was decreased by 60% and 33%, respectively, whereas the invasiveness of H1299‐PG‐p53 cells was decreased by 68% relative to parental H1299 cells (Figure [5](#cas13612-fig-0005){ref-type="fig"}A, invasion; H1299‐p53, H1299‐PG and H1299‐PG‐p53, also see[18](#cas13612-bib-0018){ref-type="ref"}). In contrast, p53^R175H^ expression in H1299 cells increased their invasiveness by 30%, and the coexpression of plakoglobin in these cells reduced their invasiveness by \>60% (Figure [5](#cas13612-fig-0005){ref-type="fig"}A, invasion, H1299‐p53^R175H^ and H1299‐PG‐p53^R175H^). These results indicated that plakoglobin acted synergistically with p53 to decrease migration and invasion and significantly reduced the migration and invasion‐promoting effects of p53^R175H^.

4. DISCUSSION {#cas13612-sec-0018}
=============

p53^R175H^ is one of the most common hot spot mutations that are frequently expressed in many cancers.[13](#cas13612-bib-0013){ref-type="ref"}, [14](#cas13612-bib-0014){ref-type="ref"} p53^R175H^ expression has been shown to increase genomic instability,[60](#cas13612-bib-0060){ref-type="ref"} induce oncogenic miRNAs expression[61](#cas13612-bib-0061){ref-type="ref"}, [62](#cas13612-bib-0062){ref-type="ref"} and promote cancer stem cell population expansion,[63](#cas13612-bib-0063){ref-type="ref"} epithelial to mesenchymal transition,[62](#cas13612-bib-0062){ref-type="ref"}, [63](#cas13612-bib-0063){ref-type="ref"}, [64](#cas13612-bib-0064){ref-type="ref"}, [65](#cas13612-bib-0065){ref-type="ref"}, [66](#cas13612-bib-0066){ref-type="ref"} and drug resistance.[67](#cas13612-bib-0067){ref-type="ref"}, [68](#cas13612-bib-0068){ref-type="ref"}, [69](#cas13612-bib-0069){ref-type="ref"} p53^R175H^ mice models show tumor formation and metastasis characteristics of the inherited Li‐Fraumeni syndrome, the disease that is associated with germline mutations in the *TP53* gene.[70](#cas13612-bib-0070){ref-type="ref"}, [71](#cas13612-bib-0071){ref-type="ref"}

In the present study, we used invasive and metastatic H1299 cells with the activated Wnt/β‐catenin pathway.[72](#cas13612-bib-0072){ref-type="ref"} This cell line is plakoglobin deficient and p53 null and has been extensively used to assess the function of p53 and p53 mutants. We showed that the expression of p53^R175H^ increased β‐catenin levels, its interaction with TCF and activation of *c‐MYC* and *S100A4*, 2 known β‐catenin/TCF target genes.[41](#cas13612-bib-0041){ref-type="ref"}, [42](#cas13612-bib-0042){ref-type="ref"}, [43](#cas13612-bib-0043){ref-type="ref"}, [57](#cas13612-bib-0057){ref-type="ref"}, [58](#cas13612-bib-0058){ref-type="ref"}, [59](#cas13612-bib-0059){ref-type="ref"} Increased β‐catenin levels and activation were concurrent with increased migration and invasion of p53^R175H^‐expressing cells. We further showed that the oncogenic effects of p53^R175H^ were counteracted by the coexpression of plakoglobin in these cells. Plakoglobin interacted with p53^R175H^ and reduced β‐catenin level, its interaction with TCF and the expression of *c‐MYC* and *S100A4*. These changes were concurrent with decreased migration and invasion of these transfectants and are consistent with the previously reported activated Wnt/β‐catenin pathway in these cells.[72](#cas13612-bib-0072){ref-type="ref"}

β‐Catenin is the main downstream effector of the canonical Wnt signaling pathway.[38](#cas13612-bib-0038){ref-type="ref"}, [39](#cas13612-bib-0039){ref-type="ref"}, [40](#cas13612-bib-0040){ref-type="ref"}, [41](#cas13612-bib-0041){ref-type="ref"}, [42](#cas13612-bib-0042){ref-type="ref"}, [43](#cas13612-bib-0043){ref-type="ref"}, [44](#cas13612-bib-0044){ref-type="ref"}, [45](#cas13612-bib-0045){ref-type="ref"} In the absence of Wnt signal, Axin/APC/GSK3β/CKI forms the destruction complex that recruits and phosphorylates excessive cytoplasmic β‐catenin, which is subsequently ubiquitinated and degraded by the proteasome pathway.[38](#cas13612-bib-0038){ref-type="ref"}, [39](#cas13612-bib-0039){ref-type="ref"}, [40](#cas13612-bib-0040){ref-type="ref"} In the presence of Wnt, the destruction complex is inactivated and the stabilized β‐catenin translocates into the nucleus, binds to TCF/LEF and induces the expression of Wnt target genes involved in tumorigenesis and metastasis.[38](#cas13612-bib-0038){ref-type="ref"}, [39](#cas13612-bib-0039){ref-type="ref"} β‐Catenin can also be activated independent of the Wnt signal. Mutations that interfere with β‐catenin\'s interaction with the components of the destruction complex or with the phosphorylation of its N‐terminal serine/threonine residues (S33, S37, S45, T41) required for its degradation also activate β‐catenin in the absence of the Wnt signal.[73](#cas13612-bib-0073){ref-type="ref"}, [74](#cas13612-bib-0074){ref-type="ref"}

In agreement with previous reports, we showed that wild‐type p53 expression in H1299 cells reduced the total and nuclear β‐catenin levels and its transcriptional activity. There are several mechanisms by which p53 reduces β‐catenin protein levels and activation. p53 interacts with and activates GSK3β and/or accelerates the movement of the scaffolding protein, Axin, into the destruction complex, both of which lead to increased phosphorylation of β‐catenin and its subsequent degradation.[75](#cas13612-bib-0075){ref-type="ref"}, [76](#cas13612-bib-0076){ref-type="ref"} p53 also inhibits the activity of CK2, which phosphorylates and protects β‐catenin from proteasomal degradation.[77](#cas13612-bib-0077){ref-type="ref"} Furthermore, p53 can inhibit the Wnt pathway by inducing the expression of the Wnt antagonizer, Dickkopf‐1, the E3 ubiquitin ligase Siah1 that mediates the degradation of β‐catenin independent of the GSK3β and miR‐34 tumor suppressor, which inhibits the expression of several components of the Wnt pathway.[44](#cas13612-bib-0044){ref-type="ref"}, [45](#cas13612-bib-0045){ref-type="ref"}, [78](#cas13612-bib-0078){ref-type="ref"}, [79](#cas13612-bib-0079){ref-type="ref"}, [80](#cas13612-bib-0080){ref-type="ref"} In contrast, GOF mutant p53 have been shown to inhibit β‐catenin degradation and promote its oncogenic activities and suppress miR‐34 expression.[35](#cas13612-bib-0035){ref-type="ref"}, [36](#cas13612-bib-0036){ref-type="ref"}, [37](#cas13612-bib-0037){ref-type="ref"}, [44](#cas13612-bib-0044){ref-type="ref"}, [45](#cas13612-bib-0045){ref-type="ref"}, [79](#cas13612-bib-0079){ref-type="ref"}, [81](#cas13612-bib-0081){ref-type="ref"} Here, we showed that p53^R175H^ expression significantly reduced β‐catenin degradation through the proteasome pathway. p53^R175H^‐expressing cells had increased total and nuclear β‐catenin and β‐catenin/TCF reporter activity and showed upregulation of the Wnt target genes.[41](#cas13612-bib-0041){ref-type="ref"}, [42](#cas13612-bib-0042){ref-type="ref"}, [43](#cas13612-bib-0043){ref-type="ref"}, [57](#cas13612-bib-0057){ref-type="ref"}, [58](#cas13612-bib-0058){ref-type="ref"}, [59](#cas13612-bib-0059){ref-type="ref"}

Previously, we have shown that plakoglobin interacted with both wild type and a number of mutant p53 proteins and this interaction was direct (data not shown) and mediated by the DNA‐binding domain of p53 and the C‐terminal transactivation domain of plakoglobin.[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"}, [18](#cas13612-bib-0018){ref-type="ref"}, [19](#cas13612-bib-0019){ref-type="ref"} We showed that plakoglobin and p53 associated with promoters of a number of p53 target genes including tumor suppressors *SFN* (14‐3‐3δ) and *NME1* and the oncogenic genome organizer *SATB1*.[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"}, [18](#cas13612-bib-0018){ref-type="ref"}, [19](#cas13612-bib-0019){ref-type="ref"} Furthermore, plakoglobin expression in plakoglobin‐deficient and mp53‐expressing cells reduced growth, migration and invasion of these cells in vitro.[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"}, [19](#cas13612-bib-0019){ref-type="ref"} Plakoglobin has also been shown to regulate the expression of HAI‐1 and to reduce migration in a p53‐dependent way in NSCLC cells.[27](#cas13612-bib-0027){ref-type="ref"} Coimmunoprecipitation experiments indicated that plakoglobin interacted with p53.^R175H^ Furthermore, expression of plakoglobin in p53^R175H^ cells promoted β‐catenin\'s proteasomal degradation and significantly reduced its total and nuclear levels, as had been reported previously.[82](#cas13612-bib-0082){ref-type="ref"} Plakoglobin expression also reduced β‐catenin/TCF‐4 interaction, and the expression of c‐*MYC* and *S100A4*. These observations are also supported by our previous microarray studies, which identified p44 and p56 of the 26S proteasome and S100A4 as transcripts that were upregulated and downregulated, respectively, in plakoglobin‐expressing cells relative to their plakoglobin‐deficient and mutant p53‐expressing parental cells.[29](#cas13612-bib-0029){ref-type="ref"} S100A4, a recently identified target of β‐catenin/TCF[83](#cas13612-bib-0083){ref-type="ref"} was shown to be an early factor in EMT and its elevated level in various carcinoma cells and cancers was correlated with poor prognosis.[84](#cas13612-bib-0084){ref-type="ref"}, [85](#cas13612-bib-0085){ref-type="ref"}

Apart from increasing β‐catenin\'s proteasomal degradation, plakoglobin may inhibit β‐catenin\'s transcriptional activity. β‐Catenin and plakoglobin interact with 2 sequential and non‐overlapping domains in the N‐terminus of TCF.[32](#cas13612-bib-0032){ref-type="ref"} However, whereas binding of the β‐catenin/TCF complex to DNA is highly efficient; plakoglobin/TCF binding to DNA is inefficient with significantly weaker transcriptional activities.[86](#cas13612-bib-0086){ref-type="ref"}, [87](#cas13612-bib-0087){ref-type="ref"}, [88](#cas13612-bib-0088){ref-type="ref"} Our Co‐IP studies showed significant reduction in β‐catenin‐TCF association in plakoglobin‐expressing cells. These results further support the decreased c‐Myc and S100A4 expression in H1299‐PG‐p53^R175H^ transfectants and are consistent with our previous observations in another mutant p53‐expressing carcinoma cell line.[29](#cas13612-bib-0029){ref-type="ref"} Studies from other groups have also shown that transcriptional activity of β‐catenin downstream of Wnt signaling was significantly reduced upon increased accumulation of plakoglobin in the nucleus.[32](#cas13612-bib-0032){ref-type="ref"}, [33](#cas13612-bib-0033){ref-type="ref"} Plakoglobin also repressed Wnt/β‐catenin signaling and target gene expression (*DICER* and *AXIN2)* through its association with the transcription factor SOX4 and inhibition of β‐catenin‐SOX4 interaction.[26](#cas13612-bib-0026){ref-type="ref"}

In addition to upregulating the Wnt pathway, p53^R175H^ has been shown to activate other signaling pathways including EGFR/PI3K/AKT, TGF‐β and c‐Met, leading to enhanced migratory and invasiveness of cancer cells.[89](#cas13612-bib-0089){ref-type="ref"}, [90](#cas13612-bib-0090){ref-type="ref"}, [91](#cas13612-bib-0091){ref-type="ref"}, [92](#cas13612-bib-0092){ref-type="ref"}, [93](#cas13612-bib-0093){ref-type="ref"} Our results also showed increased migration and invasion of H1299 cells expressing p53^R175H^ and their significant decrease when plakoglobin was coexpressed in these cells. Although the effects of mp53 on enhancing migratory and invasive properties of cancer cells have been studied extensively, the effects of plakoglobin on hindering the in vitro metastatic features of p53^R175H^ is novel and has not been previously reported.

In conclusion, our data suggest that plakoglobin promoted β‐catenin\'s proteasomal degradation and reduced its transcriptional activation independent of p53 status. Furthermore, its coexpression with p53^R175H^ clearly counteracted the gain‐of‐function activities of this mutant, which is mediated, at least in part, by activating the oncogenic function of β‐catenin. These observations together with our previous studies suggest that plakoglobin may counteract oncogenic functions of mutant p53 by at least 2 different mechanisms: plakoglobin augments β‐catenin proteasomal degradation and reduces Wnt pathway activation, and it associates with mutant p53 and may either interfere with the expression of mutant p53 target genes and/or enable them to interact with and regulate wild‐type p53 target genes (Figure [5](#cas13612-fig-0005){ref-type="fig"}B). The latter possibility is supported by our previous studies that have shown activation of p53 target genes in plakoglobin‐deficient and mutant p53‐expressing cell lines upon plakoglobin expression as well as our microarray experiments that have identified a number of growth/metastasis inhibiting and oncogenic promoting targets that are up‐ and downregulated, respectively, in mutant p53‐expressing cells when plakoglobin is expressed.[16](#cas13612-bib-0016){ref-type="ref"}, [17](#cas13612-bib-0017){ref-type="ref"} Overall, these results suggest that plakoglobin may act as a tumor/metastasis suppressor protein in mutant p53‐expressing cells by downregulating the Wnt/β‐catenin axis and oncogenic activation of mutant p53, 2 pathways that are known to be frequently dysregulated in many cancers. These findings provide insight into the possibility of developing therapeutic drugs that can mimic plakoglobin to concurrently inhibit the oncogenic effects of β‐catenin and restore wild‐type tumor suppressor activities of mutant p53 in cancer.

CONFLICTS OF INTEREST {#cas13612-sec-0020}
=====================

Authors declare no conflicts of interest for this article.

We would like to thank Drs G. Blandino and S. Di Agostino for the p53^R175H^ construct. This work was supported by the Canadian Breast Cancer Foundation Prairies/NWT Chapter (MP) and the generous supporters of the Lois Hole Hospital for Women through the Women and Children\'s Health Research institute (M.A.). M.A. is the recipient of the Cathy and Harold Roozen Entrance Scholarship, Dr. Herbert Meltzer Memorial Fellowship) and Andrew Stewart Memorial Graduate Prize.
